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Abstract A characterization of black carbon (BC) and other light-absorbing particles in snow is presented for
three mountain valley sites in Idaho in early 2014 and for one site near Vernal, Utah, in early 2013 and 2014. The
focus of the study was on constraining the magnitude and drivers of variations in particulate absorbers in
midlatitude U.S. seasonal snow. Mass mixing ratios of BC in newly fallen snow were similar at all three Idaho sites,
with a median of 4.7 4.2 ng BC per gram of snow. The median total light-absorbing particulate mixing ratios in
new snow, expressed as an equivalent mixing ratio of BC, was 18 +23 ng g". At the Utah site, which is near
sources of both fossil fuel and dust, the mixing ratios of BC varied from 7 to 45 ng g™~ across seven new snowfall
samples, and the BC-equivalent mixing ratios varied from 9 to 1500ngg~". At all sites, dry deposition and in-
snow processes increase the mixing ratio of BC by up to an order of magnitude and increase the mixing ratio of
all light-absorbing particulates by up to 2 orders of magnitude, highlighting the importance of capturing these
processes for accurately representing snow albedo in climate models. Spatial variability at a range of scales is
found to be considerably smaller than the temporal variations at a given site, with implications for the
representativeness of field samples used in observation/model comparisons.

1. Introduction

The work presented here builds on our previous regional-scale studies of the amount and sources of black
carbon (BC) and other light-absorbing particles in snow in the Arctic [Doherty et al., 2010; Hegg et al., 2009;
Hegg et al., 2010], northern China [Wang et al., 2013; Zhang et al., 2013], and midlatitude North America
[Doherty et al.,, 2014]. Each of those studies included vertical profiles at tens of sampling sites spanning
hundreds to thousands of kilometers, with each site sampled on an individual day in winter or spring.
Except for Greenland and the Arctic Ocean, samples were collected from cold snow that had not yet warmed
sufficiently to melt and that very likely had not been rained on (except perhaps for samples from the very
bottommost layers, corresponding to early in the snow accumulation season). In addition, we have studied
the effect of melt on snow particulate mass mixing ratios at three Arctic sites: the percolation zone of
Greenland (Dye-2), on the sea ice near Barrow, Alaska, and on hillsides above Tromsg, Norway [Doherty et al.,
2010]. At all three of these Arctic sites combustion aerosol from fossil fuel burning and biomass burning domi-
nated snow particulate absorption [Hegg et al., 2009, 2010]. However, at the midlatitude sites in north China and
North America dust often played a significant or dominant role in snow albedo reduction by particles [Wang
et al., 2013; Doherty et al., 2014].

Here rather than conducting geographically broad surveys, we study the evolution of the mass mixing ratios and
sources of light-absorbing particles in snow in two midlatitude regions in western North America from late winter
through spring, when climate forcing via snow albedo reduction is maximized. We compare the evolution in
snowpacks expected to be mostly influenced by combustion aerosol (two mountain sites in Idaho), to that in
snowpacks expected to be influenced by a mix of combustion aerosol and dust (one northern Utah site and a site
in the southern mountains of Idaho, closer to the dry plains in the southern/southwestern part of the state).

We studied seasonal variations specifically at midlatitude sites because seasonal snow there often goes
through rapid cycles of above- and below-freezing temperatures, snowfall, and rainfall. A goal was to quantify
how much these meteorological variations, as opposed to variations in particulate mixing ratios in falling
snow, contribute to particulate mixing ratios in snow on the ground as it ages.
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2. Methods

Sampile collection and analysis is identical to that described by Doherty et al. [2014], hereafter referred to as
D14, for a broader survey of North American sites. Whereas D14 reported results for a single vertical profile at
each of 67 sites in early 2013, in the present study we collected vertical profiles every few days at each of the
three rural sites in central Ildaho over approximately two months in early 2014 (Figures S1 and S2). We also
collected surface samples, and some vertical profiles, daily at a single site in Utah for about a month each
in early 2013 and early 2014. (Figures S1 and S3).

Collection dates at the three Idaho sites varied but spanned 27 January to 24 March 2014. On some days,
especially near the beginning of the campaign, only newly fallen snow was collected, but on most sampling
days samples were collected at vertical intervals through most or all of the snow depth. The two southern
sites (Cascade Valley and Garden Valley) were usually sampled on the same day. At all three sites hard ice
layers or water saturation sometimes prevented collection of useful samples from the layer closest to the
ground, especially later in the campaign when the snowpack was going through daily melt/freeze cycles.

The Utah samples were collected as part of a larger study (UBWOS or the Uintah Basin Wintertime Ozone
Study; Ahmadov et al. [2015]) of snow photochemistry and tropospheric ozone in a region influenced by
emissions from oil and natural gas extraction. Interest in light absorption by particles in the snow was moti-
vated by trying to quantify actinic flux in the surface snow layer, so snow samples were generally collected of
the surface layer only. Samples were collected on a daily basis 28 January to 21 February 2013 and again 17
January to 13 February 2014 (Table S1).

2.1. Sampling Sites and Protocol

Each of the three Idaho sites is in a mountain valley, falling roughly along a north-south line (Figure S2). The
McCall site is the northern most and at the highest altitude; 60 km south of this is the Cascade Valley site and a
further 35 km south the Garden Valley site. Initial sampling at the McCall site was on Payette Lake (McCall-A),
but with rainfall and melt we were forced to move to a nearby peninsula (McCall-B then McCall-C). All three of
the McCall subsites are within a 1km radius. The Cascade Valley and Garden Valley sites were both on
farmland. The Vernal, Utah site is located in the Uintah basin, on one of many natural gas and petroleum
extraction well pads. More detailed site descriptions are provided in the supporting information.

The sampling protocol followed that of D14. At all sites in Idaho sample layers were selected based on snow
morphology. In particular, newly fallen snow was isolated from older snow and crust layers were isolated, so
we could study the effects of melt and refreezing (presumably the processes leading to crust formation) on
snow particulates.

For each Idaho site we gathered two side-by-side profiles (separated by <1m) on each sampling day.
Impurity data reported here for each “sample” are in fact averages of two side-by-side samples. An exception
is the data reported for the McCall-A site on 27 January: On this day, we collected six randomly distributed
profiles separated by 10 m; results are averages across all six profiles.

For the Vernal site the sampling was less systematic. When sampling the surface snow only, four to six
samples were usually collected. The values shown here are averages across all samples from a given location,
date, and depth. In 2013, pairs of samples were usually collected at each depth when sampling a vertical
profile. These pairs of samples were averaged. In 2014, usually a single sample was collected at each depth
when sampling a vertical profile.

All snow samples were kept frozen until they were intentionally melted in a microwave oven in clean glass
jars. The melted snow water was filtered through Nuclepore filters of pore size 0.4 um, which were then dried
and stored in petri dishes for optical analysis. For a subset of the Idaho samples we decanted aliquots of melted
snow into 100 mL polyethylene bottles immediately after microwaving, added three drops of chloroform to
prevent biological growth, and refroze them. These samples were chemically analyzed in the lab for standard
ions, carbohydrates, and various elements, as described in D14, and used in a Positive Matrix Factorization
(PMF) analysis. The samples included in the chemical and PMF analyses are indicated in Table S1.

For a second subset of the samples a portion of the collected snow was analyzed for BC not only by our opti-
cal method (ISSW) but also by an incandescence technique (the Single Particle Soot Photometer, SP2). All
samples included in the ISSW/SP2 comparison were collected at the McCall site, from three depths in the
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new snowpack on 10 February, from the surface on 14 February, at three depths on 22 February, and at two
depths each on 1 March and 11 March. For this comparison we selected samples only from the McCall site so
as to avoid snow heavily laden with dust or soil. All snow samples analyzed with the SP2 were collected in
glass jars and kept frozen from the time of sampling until they were intentionally melted in the lab for ana-
lysis. As the melt/freeze process appears to cause BC in snow and ice to shift to larger sizes, this procedure
ensured undegraded samples to optimize the value of the SP2 measurement [Schwarz et al., 2013].

2.2. ISSW and SP2 Analyses

Sample filters were optically analyzed for spectrally resolved absorption using an Integrating Sphere
Integrating Sandwich Spectrophotometer (ISSW) [Grenfell et al., 2011] that had been modified as described
by D14. For each sampled layer we calculated the following quantities based on the ISSW measurements:

Cg‘é""" (ngg~") The mixing ratio of BC that would be needed to produce the absorption of solar energy,
integrated across 300-750 nm, by all insoluble particles in snow.

Cet (ng g~ ") The estimated mass mixing ratio of BC in snow.

Ator The absorption Angstrom exponent of all insoluble particles in snow, calculated as a linear fit to the
logarithm of spectral absorption versus the logarithm of wavelength, 450-600 nm.

fes s The estimated fraction of solar energy absorption across wavelengths 300-750 nm due to insoluble,
non-BC components of the particles in snow.

Our measured quantity is absorption, so the mass mixing ratios Coa™ and C& reflect the mass of BC
(specifically, the artificial soot fullerene) that would be needed to account for the spectral absorption by all
particles (ng“i") and by BC only (C5%). We estimate the mass absorption efficiency of fullerene as 8.9, 7.2,

and 6.5m?g~" at 450, 550, and 600 nm, respectively [D14]. The product of Ce*" and ! . - is a metric for
the light absorption by non-BC particulates, also expressed as a BC mass mixing ratio; this product was input
to the PMF analysis as “non-BC absorption.” For a full description of how these quantities are derived, see
supporting information [Grenfell et al., 2011; Doherty et al., 2010].

Absorption is attributed to BC and non-BC components using assumed values of the absorption Angstrém
exponent for these components and by assuming that A results from a linear combination of these com-
ponents’ contributions to absorption (see supporting information for more details). Doherty et al. [2010]
assessed the measurement uncertainty in C&* caused by uncertainties in the values of A used for attribution
to the BC and non-BC components (see their Figure 16 and associated discussion), as well as other ISSW
uncertainties. Schwarz et al. [2012] subsequently showed that the ISSW estimate of BC mixing ratios, Cgg,
in liquid samples was biased high by about 40% for a set of lab-generated liquid samples containing water
and a BC reference material (fullerene soot) only [Schwarz et al., 2012, Figure 3]. In that analysis the BC mixing
ratios were gravimetrically determined (BCg,,,). They also found that for liquid samples containing a mix of
fullerene soot and dust the ISSW bias in C5 increased with increased dust concentration, up to a factor of
3. In the same study, the SP2 estimate of BC mixing ratios (rBC) was found to have a small (5%) low bias
for the BC-only samples, with very little sensitivity to dust.

To test whether similar differences were found in field samples, a subset of the newly fallen snow samples from the

McCall-A site were analyzed with both the ISSW and an SP2 (see supporting information), and the estimates of BC

mixing ratios compared. The results of this comparison are given in section 3.1 below. Based on the combined

results of this analysis and the Schwarz et al. [2012] study, all C5¢ values reported herein have been adjusted.

The adjustment factor is based on a linear fit to the ratios of C5 to BCyrav (for samples from the Schwarz et al.

[2012] study) and C§* to BCsp, (for SP2-analyzed field samples reported herein) versus ISSW filter loading (thick gray
est

line in Figure 1b)). Using this adjustment, values of C5¢ were scaled down, with the correction factor depending on

each sample’s filter loading; these adjusted values are hereafter referred to as Cgg . For the data presented herein,

Cid was scaled down by, on average, 2.5 +0.9. In making this adjustment we are assuming that there is no low bias

in rBC for the 2014 Idaho snow samples. If there is, the values of CESC‘ presented here may in turn be biased low.

Note that cgsg values from earlier studies using the ISSW [i.e., Doherty et al., 2010, 2013, 2014; Wang et al.,

2013] did not apply this correction. Accordingly, comparisons of cgsg presented here to Cg¢ in those studies
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Figure 1. (a) Estimates of the mass mixing ratio of BC in snow from the ISSW
(C5¥) compared to those from the SP2 (rBC) for a subset of 11 newly fallen
snow samples from the McCall, Idaho site. (b) The ratios Cge:rBC and Cge:
BCyrav as a function of filter loading in the ISSW analysis. (c) The ratio CetrBC
as a function of Cg"" from the ISSW analysis. The comparison to BCgray in
Figure 1b is for all samples containing a mix of the synthetic BC fullerene and
a dust standard, included in Schwarz et al. [2012]. The two fit lines and values
of R in Figure 1b are for the 2014 Idaho samples only (black line and text)
and for the combined Idaho and fullerene/dust standard samples (thick gray

line and bold gray text).

should be conducted with this in mind
(Note that both corrected and uncor-
rected data are available at http://
www.atmos.washington.edu/arti-
cles/IdahoUtah2014). Further, there
is between 10% (low filter loading)
and 60% (high loading) uncertainty

added to Cgsct' due to uncertainty in
the correction factor. Despite the
resulting elevated uncertainty, we
think that the repeat finding of appar-
ent high biases in C;¢ from the ISSW
merited making this correction.

2.3. Chemical and PMF Analysis

Snow water samples saved for chemi-
cal analysis were analyzed for a suite
of species to aid in source attribution
via PMF analysis. The analytes, and
the techniques used to quantify them,
are as follows: Levoglucosan, glucose,
and mannitol concentrations were
derived from liquid chromatography-
mass spectrometry (LC-MS). Formate,
chloride, nitrate, succinate, sulfate,
and oxalate were derived from stan-
dard ion chromatography. Sodium,
aluminum, silicon, potassium, calcium,
titanium, vanadium, chromium, man-
ganese, magnesium, iron, nickel, cop-
per, zinc, arsenic, selenium, and lead
were quantified with inductively
coupled mass spectrometry (ICP-MS).
Vanadium, lead, arsenic, and selenium
had very poor signal-to-noise ratios
for this data set, with too many zero
values, and therefore could not be
employed in any of the analyses.
Mixing ratios of the chemical

components and the values of Cga"

and cgsg' from the optical analysis were
input to a Positive Matrix Factorization
(PMF) analysis to determine the
sources of total particulate absorption.

The PMF analysis groups into ortho-
gonal “factors” those constituents in

the snow that covary, implying that they share a common source. The chemical composition of each factor
is interpreted for what source type it best represents, taking into account likely emission sources in the region
of interest. Details of the chemical and PMF analyses can be found in D14. The only difference from D14 is that
here we did not separately analyze for absorption by organic carbon (OC,s in D14), and here we input to the

PMF C53'V rather than CI¥*. Chemical and PMF analyses were not conducted for the Utah samples. More

details of the PMF analyses can be found in supporting information.
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2.4. Meteorological Records

Daily weather logs were kept during the Idaho field campaign, manually recording surface air temperatures and
periods of precipitation. In addition, we downloaded data from monitors at two nearby SNOTEL (Snow Telemetry;
http://www.wcc.nrcs.usda.gov/snow/) sites. The Secesh summit SNOTEL site (45.1833°N, 115.9667°W, 1987 m
altitude) is in the mountains 25 km north and 11 km east of the McCall site, and the Long Valley SNOTEL site
(44.7833°N, 116.0833°W, 1490 m altitude) is 18 km south of the McCall site and 40 km north of the Cascade
Valley site, in the broad north-south valley between the two (Figure S2). The Long Valley SNOTEL reports
are likely more indicative of conditions at our two northern sampling sites, and the Secesh summit winds
are likely a better indicator of air mass source region at cloud altitudes.

An automated weather station at the Utah site logged air temperature and wind data at one-minute resolu-
tion at multiple levels 2-18 m above the surface in both 2013 and 2014. From these we compute daily
averages, minima, and maxima of these parameters.

3. Results and Discussion
3.1. ISSW/SP2 Comparison

Figure 1 compares the estimated mixing ratios of BC in snow from the ISSW (C5S; i.e., the uncorrected values)
to those from the SP2 (rBC) for 11 newly fallen snow samples from McCall, Idaho (section 2.1). Estimates of BC
mixing ratio from the ISSW are, on average, almost a factor of three higher than those from the SP2. In addi-
tion, the two are only moderately correlated (R>=0.5). As discussed in section 2.2, tests with a BC standard
(fullerene soot) and a dust standard showed that the ISSW has high biases in Ci¢ when BC is mixed with dust
and that the bias increases with the amount of added dust [Schwarz et al., 2012]. Since dust (and essentially all
other absorbing aerosol) has a higher absorption Angstrém exponent than BC, based on the results of
Schwarz et al. [2012], we would expect that the ratio cgsg:ch (i.e., the high bias in cgsg) would increase with
Awor—i.e., as the amount of dust or other non-BC components in the sample increases. However, for this
set of 11 field samples, across which A varies from 1.5 to 2.4, there is very poor correlation between et

rBC and Ao (R*=0.16; not shown in Figure 1).

The ratio C:rBC is better correlated with filter loading (R*=0.35), suggesting an artifact from the optical
effects of a mix of scattering and absorbing particles on a filter (wherein multiple scattering enhances absorp-
tion; e.g., Bond et al. [1999] and Lack et al. [2008]). This is also consistent with the finding of Schwarz et al.
[2012] that the ISSW demonstrated sensitivity to a purely scattering aerosol. The ratio is even better corre-
lated with C5"" (R*=0.67). C52*" and filter loading are themselves correlated (R? = 0.80; not shown), simply
because we tended to filter similar amounts of snow water for all 11 samples. Thus, it is not possible to deter-
mine whether the differences in the ISSW and SP-2 are physically linked to snow particulate mixing ratios or
to effects of filter loading.

Given the correlations shown in Figure 1 for the field samples, we reanalyzed the samples of Schwarz et al.
[2012] with mixes of a dust standard and fullerene soot using the current version of the ISSW. As for the field
samples, the correlation of the ratio C5:BCyay With Cea"™ (R?=0.57) is higher than it is with filter loading
(R=0.31). The additional correlation between the bias in C5 and the amount of dust in the samples noted

by Schwarz et al. [2012] may result from the fact that filter loading and C52"" are themselves correlated with
the amount of dust added to the test sample.

As noted above, we used the fit for the combined data set from Idaho 2014 and Schwarz et al. [2012]
(slope =0.28, y intercept = 1.26; see thick gray line in Figure 1b) to adjust Cg¢ for all the field samples pre-

sented herein, yielding corrected values cgsg For the field samples it is possible that biases in the SP2 con-

tribute to the ratio Cge:rBC, in which case we may be overcorrecting C5. As discussed by Schwarz et al.
[2012], accurate estimates of rBC rely in part on efficiently transmitting particles in the liquid sample to the
instrument via a nebulization system. It is unlikely that BC attached to very large particles (e.g., >10 pm) will
reach the SP2 sample chamber. For this reason we did not include samples heavily laden with dust in the
2014 field sample comparisons. Thus, it seems unlikely that this process is contributing significantly to the
value of the ratio C&rBC, especially given the lack of correlation with A... However, we emphasize that this
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source of potential bias in the SP2 might be important in dust-dominated aged snow and ice, and it is cur-
rently unquantified.

3.2. Idaho: Meteorology and Snowpack Evolution:

When we arrived in McCall on 26 January, there was only 8 cm of snow on Payette Lake. The previous appre-
ciable snowfall at the Long Valley SNOTEL site, of approximately 7-8 cm, was on 8-11 January. Thus, by 27
January (our first sampling day) the surface snow had been exposed to an extended window of opportunity
for dry deposition as well as sublimation and possibly some surface melting, especially at our two lower
elevation sites. At those sites there was 3-4 cm of crust on top of 10 cm (Cascade Valley) and 7 cm (Garden
Valley) of large-grained old snow, all of which had clearly been through at least one significant melt-freeze
cycle. Based on the temperature data from the Long Valley SNOTEL site, melting at the McCall site was likely
limited and restricted to the surface snow.

On 28-29 January the McCall site got 15 cm of new snow on top of the existing 8 cm, and the more southern
Idaho sites got 3 cm (Cascade Valley) and a trace (<0.5 cm; Garden Valley). For the remainder of the first two
weeks of February snow accumulated at all three sites. Then a warm, wet event brought rainfall and after-
noon temperatures that rose above freezing. This melt/rain event forced us to move our sampling from
the McCall-A site to the McCall-B site (first vertical black line in Figure 2). During the second half of the month
there were frequent diurnal melt/freeze cycles, especially at the two more southern sites. Precipitation alter-
nated between snow and a rain/snow mix. At the Cascade Valley and Garden Valley sites, nearly the entire
snowpack melted over a few days with rapid warming on 25-28 February (day of year, DOY, 56-59). These
two sites were sampled for the last time on 4 March (DOY 63), when all that remained was 3-6 cm of patchy,
icy snow on top of a mix of ice and meltwater (which was not sampled). At the McCall site, nighttime tem-
peratures were below freezing for the first week of March, sometimes with overnight snowfall, but during
the day it warmed to above freezing (typically 1-3°C) with light rainfall on many days. On 8 March (DOY
67) it was clear and sunny with a high again around 2°C, but on 9 March it rained heavily, with >3 cm of rain
falling between sunrise and noon. On 10 March temperatures dropped, and overnight 10-11 March there
was 8 cm of new snowfall. Snow fell again on 14 March (DOY 73) (2 cm) and March 17 (DOY 76) (1 cm) but
otherwise for 12-24 March (DOY 71-83) days were dry with temperatures dropping to -7°C at night and
rising to 1-4°C during the day. The McCall site was last sampled on 24 March.

3.3. Idaho: Evolution of Light-Absorbing Particles in Snow

3.3.1. Snow Particulate Mixing Ratios and A

As noted above, there had been no appreciable new snowfall for more than 2 weeks before field sampling
started. This aged surface snow was sampled at McCall-A on 27 January (DOY 27) and was sampled as a sub-
surface layer below newly fallen snow at the Cascade Valley and Garden Valley sites on 1 February (DOY 32)
(Figure 2). New snowfall events in the first half of February lowered particulate mixing ratios. Alternating per-
iods of snow melt, rainfall (pink vertical lines in Figure 2), and new snowfall (sample layers with white dots in
the center in Figure 2) from DOY 41 onward were accompanied by large variations in the surface snow mixing
ratios of light-absorbing particles at all three sites.

When we transitioned from site McCall-B to McCall-C on 14 March (day 73; second vertical black line in
Figure 2) C5*V and Cgsct at 0-2 cm depth were nearly identical at the two sites, but at 2-6 cm depth Cea""

and cgsg at McCall-C were about twice that at McCall-B. Note that total snowpack depth was greater at
McCall-A than McCall-B, largely because snow accumulated at McCall-A only after the lake had frozen. The
difference in total snowpack depth from McCall-B to McCall-C (both on land) was less pronounced and is
likely due to differences in the effects on accumulation and sublimation of the greater tree cover at
McCall-C (wooded) versus McCall-B (open grassland).

Several things are qualitatively apparent from Figure 2: cg‘g“‘“ and 52 are both lower for newly fallen snow

than for aged snow; C52" and C&%' are more similar in newly fallen snow than in aged snow samples; and late
in the sampling period, after there has been significant melting, the surface snow mixing ratios are higher.

Less apparent is the effect of rainfall on C;2*" and cgsg because rainfall was usually accompanied by tempera-
tures warm enough to independently melt surface snow; thus, it is difficult to disentangle the effects of the
two. An exception is one pair of samples gathered in McCall on 3 March (DOY 61). A 1 cm deep layer of newly
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Figure 2. Time series of (top row) ng”i", (middle row) cgsg', and (bottom row) Ao versus sample height above the
surface for the three Idaho sampling sites (first to third columns). Dot color indicates the value, as given in the color
bar. Samples that were of new snow (<1 day old) are marked with a small white dot in the center. Vertical pink lines
indicate rain events; thick pink lines indicate heavy rainfall. During the entire period sampled at all three sites tem-
peratures dropped below freezing at night, so days with melt in fact had at least a diurnal melt/freeze cycle. Days with
rain may also have had mixed rain and snow. At the McCall site, the switch from McCall-A to McCall-B and then McCall-C
is marked with vertical black lines. Late on DOY 73 and early on DOY 76 new snow fell at McCall but was not sampled.

fallen snow was sampled immediately after falling, just as precipitation was transitioning from snow to rain.
This same layer was then resampled after being rained on for four hours, with temperatures holding at

approximately 0°C. After being rained on, Ao, was unchanged but C& and C23" increased by about a factor

of 2.5 and 3.5, respectively. This rapid increase in surface snow particulate mixing ratios is comparable to the
factor of 3-5 enhancement in surface snow particulate mixing ratios observed by Doherty et al.[2013] in rain-
free melting snowpacks. The fact that A, was unchanged suggests that the rain did not preferentially
remove specific particulate components, e.g., brown organics versus black carbon. What is unclear is whether
the higher mixing ratios can be attributed to preferential removal of snow water over snow particulates or to
elevated mixing ratios of particulates in the rain water itself, which now saturated the recently fallen snow.

We expected that new snowfall would be cleaner to the north, deeper in the mountains, and farther away

' .
from the city of Boise. However, C5% and Cg"" for newly fallen snow were similar at all three sites

(Table 1). In contrast, C&! for aged snow samples increases modestly from north to south, and C22*V increases
BC y BC

significantly north to south. Means and medians differ much more in the aged samples than in new snow,
and the mixing ratios and A are higher and more variable in the aged snow samples. This contrast shows
that processes following wet deposition strongly determine both spatial and temporal variations in snow par-
ticulate light absorption.

Ideally, we would have a record of the age, temperature, melt rate, and sublimation rate for all sampled snow

. '
layers, as well as rainfall rate, amount of rain water retained in the snowpack, and Cg"" and C5 in the rainwater,
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Table 1. Mixing Ratios C5"" and CESC' and the Absorption Angstrém Exponent, A, Across All n New Snow or Aged Snow
Samples at Each of the Three Idaho Study Sites

G (ngg ™) g (ngg ™" Aot
n Mean Median SD Mean Median SD Mean Median SD
New Snow Samples
McCall 31 133 1.3 8.6 4.6 43 2.1 1.85 1.81 0.22
Cascade Valley 9 15.6 11.3 129 4.5 4.2 2.2 2.03 1.97 0.34
Garden Valley 8 18.3 15.5 9.0 5.1 49 1.3 2.06 2.04 0.27
Aged Snow Samples
McCall 66 42.1 289 335 9.8 85 54 177 1.84 0.56
Cascade Valley 28 218.2 92.0 278.7 133 10.1 9.5 2.66 2.60 0.95
Garden Valley 26 405.5 138.8 649.8 14.9 11.8 8.9 2.66 293 1.08

so we could study how each affects profiles of snow mixing ratios and A. Lacking this, we use snow density,
p, as a first-order proxy for effective snow age, where “effective age” relates both to the time elapsed since the
snow fell—i.e., exposure to dry deposition and sublimation—and to exposure of the snow to warm tempera-
tures and rainfall.

Note that increasing snow density via compaction does not affect particulate mixing ratios nor, by itself, does
a change in snow grain size, since neither of these processes affects the ratio of snow particle mass to snow
water mass. Processes that do affect the mixing ratios of particles in snow are the addition of particles to
snow via dry deposition or mechanical mixing (e.g., of local soil into the snowpack), loss of snow water via
sublimation, addition of snow water by frost deposition at the snow surface, loss of snow water via melting,
and loss of particles through wash out with snow meltwater or rainfall. Melting followed by refreezing of the
meltwater within the snowpack and depth hoar formation will redistribute particles within the snow column
but cannot change the total particulate mass in the snow column.

As a further indicator of snow age and degree of postdeposition processing we classify each sample as newly
fallen snow, pack snow, or crust, with allocation to the latter two categories based on observed snow mor-
phology in the sample layer. Here we use “pack snow” generically to include all snow types (e.g., compacted
snow, granular snow, and depth hoar) other than newly fallen snow or crust. “New snow” was almost always
sampled 12 h or less after it fell. Exceptions are the “new snow” samples at all three Idaho sites on 4 Feb (DOY
35), collected <36 hrs after falling, and those from McCall-A on 10 Feb (DOY 41), collected <48 hrs after fall-

ing. In Figure 3, we plot Cga"", cgsg and A, as a function of snow density, segregating the data by site
(Figures 3a, 3¢, and 3e) and snow type (Figures 3b, 3d, and 3f).

The snow particulate mixing ratios increase approximately exponentially with density at all three sites

(Figures 3a and 3c). In McCall, the increase in the mixing ratio of all light-absorbing particles (C;‘é‘"";

Figure 3a) is similar to that for BC only (cgsg' ). However, at the Cascade and Garden Valley sites, for
p>250kgm >3 C2 rises more dramatically with density than does C&. These elevated values of Ce0""

correspond directly to higher values of A, (Figures 3e and 4).

For p < 250 kg m™> Ay, is variable but has no dependence on snow density or snow type (Figures 3e and 3f).
In this density range A, is always less than 2.7. However, for many of the more aged/higher density snow
samples A is in the range 2.8-4.3. In these samples a particulate component with higher absorption
Angstrém exponent (i.e., a browner component) has apparently been added to the snow or the blacker com-
ponents removed. With the latter process Cea*" is expected to decrease with Ay, and instead, it increases,
consistent with the addition of absorbing particles (Figure 4).

Classifying the data by snow type, we see that variations in cgsg and cgg“‘“ do not correlate with snow density

(Figures 3b and 3d) or with Ay (Figure 4b) in new snow, but both cgsg and C§Y increase systematically with
density (i.e., age) in the snowpack. New snow can have a range of densities depending on temperature and

wind speed at the time the snow fell (i.e., by packing the newly fallen snow) [Judson and Doesken, 2000], but

these processes do not affect snow particulate mixing ratios. In the snowpack, ng“"’ also increases exponen-

equiv

tially with both density (Figure 3) and Ay, for Ao > 2.0 (Figure 4). For A;o < 2.0, variations in Cge  are poorly
correlated with A for all snow types.
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Figure 3. (a and b) C2*", (c and d) cgsg and (e and f) Ao versus snow density for all sample layers from the Idaho 2014
study, grouped by (Figures 3a, 3¢, and 3e) sampling site and (Figures 3b, 3d, and 3f) snow type. Note the logarithmic
scale in Figures 3a-3d.

cgsg and ng”i" vary by approximately 1 and 2 orders of magnitude, respectively, across different crust samples
(Figures 3b and 3d), but this variation shows no dependence on crust density. Rather, mixing ratios in crust
are associated with changes in A, (Figure 4), a proxy for particulate composition. The highest mixing ratios
of total particulate light absorption (i.e., ng“i" > 300) are for crust samples with A, > 3.2; all of these samples
are from the two southern sites (Cascade Valley and Garden Valley). In crust samples with lower mixing ratios
(CS*V < 200) Aoy is between 1.45 and 2.60, approximately the same range of A, found in our newly fallen
snow samples (Figures 3f and 4). This group of data includes crust samples from all three sites.

Collectively, these data show that snow is cleanest when it is first deposited to the surface and grows dirtier as
it is exposed to the combined effects of dry deposition and in-snow processes. This is not surprising given
that dry deposition, sublimation, and melt all increase the ratio of light-absorbing particulate to snow mass.
The strong enhancement of snow particulate mixing ratios in the snow surface layer with melting in particu-
lar has been demonstrated in field measurements [e.g., Conway et al., 1996; Xu et al., 2012; Doherty et al.,
2013], but other processes have been less emphasized.

Our data are not sufficient to quantitatively distinguish the effects of sublimation, melt, rainfall, and dry
deposition on snow particulate mixing ratios. However, we can approximately infer the relative roles of
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Figure 4. C33" versus A for all sample layers from the Idaho 2014 study, combustion (FF), and a combination

grouped by (top) sampling site and (bottom) snow type. of a strong biomass burning (BB) sig-
nature and elements associated with

Soil (Figures 5a and 5c). For the “new snow” samples, the PMF yielded four factors. These had chemical fin-
gerprints that overlapped with but were not identical to those from the “all” and “old” snow groupings:
Waste, Secondary, Soil, and a mix of biomass and fossil fuel burning (BB + FF) (Figure 5b).

The factor containing the signatures of both fossil fuel burning and biomass burning (FF + BB) and the factor
containing both biomass burning and soil (BB + Soil) can be explained by the scavenging of aerosol from air
masses where emissions from separate sources are well mixed, leading to a chemical fingerprint that does not

distinguish the two. The three leftmost columns in the Figure 5 panels (C53"", cgsg and non-BC absorption)
show that while the FF, BB, Soil, and Secondary factors all contribute to particulate light absorption the
contribution by the Waste Incineration factor was negligible.

The attribution of particulate absorption in the snow to a “Secondary” aerosol source seems nonphysical, since
BC can only form as a primary product of combustion. This can be explained by two things: First, secondary
organics resulting from products emitted along with BC from combustion sources can absorb light [e.g.,
Washenfelder et al., 2015, and references therein], contributing to Cg‘é‘“". Second, particles in the snow may have
been scavenged from a well-mixed, aged air mass, such that BC and other light-absorbing primary particles are
associated with the chemical products of heterogeneous secondary production while not being a product of
these reactions. Clearly, the original source of BC must be combustion, but the air mass containing this BC could
be sufficiently aged and processed that the dominant chemical fingerprint is of secondary reaction products
(e.g., oxalate).

Across the entire data set (“all snow,” Figure 5a) variations in BC (cgsg') are driven about equally by the Secondary,
FF, and BB + Soil factors. However, for total particulate absorption the Secondary factor dominates, accounting for
78+ 12% of the variance in C;3""; the FF factor contributes most of the remaining variance (16 +2%). This high
association of C;‘é”i" with the Secondary factor is consistent with the snow particulates including both primary
combustion particles (BC and “brown” carbon) and secondary aerosol, some of which may be light absorbing.

The “all snow” PMF analysis is the most robust of the three because it contains the largest number of samples
(n=68). However, it does not allow us to distinguish the relative roles of wet deposition and post wet deposition
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Figure 5. Factor fingerprints for (a) all snow samples, (b) newly fallen snow samples only, and (c) old snow samples only. The
leftmost two columns show the sources associated with variations in total particulate absorption (C;‘é”i") and absorption by
BConly (CeBSCt ). All other columns show the fraction of variation in various chemical components associated with source factors—
i.e., the factor chemical “fingerprint” used to identify the source type. (“Waste” = waste incineration; “Secondary” = secondary
aerosol production; “FF” = fossil fuel combustion; “BB” = biomass burning combustion). The variable non-BC is the non-BC
absorption, calculated as the product of £t .- and C23V; “levo” is levoglucosan; and non-Cr-K is non-crustal potassium.

processes in determining variations of C52" and C5%. Thus, we turn to the PMF analyses of new snow samples
only (n=35) and old snow samples only (n = 33), keeping in mind that these analyses are less certain because of
the reduced number of samples available and the consequent reduction in constraints for the variance analysis.

In newly fallen snow (Figure 5b) most of variability in total particulate absorption (C;‘C*“i") is associated with the
Secondary source (74+11%), with contributions from Soil (22 +4%) accounting most of the remaining
variation. Variability in non-BC absorption is also mostly driven by the Secondary Factor (78 + 12%), with

the remaining 20% driven equally by the Soil and BB+ FF factors. Variations in BC (cgsg'), however, are less
strongly driven by the Secondary factor (49 £+ 9%), with the Soil and BB + FF factors now contributing 27 +3%
and 21 + 3%, respectively. The attribution of variability in BC to the Soil factor could be the result of an air mass
containing BC (i.e, emitted by a combustion source) having a dominant chemical fingerprint of soil or by there
actually being BC mixed in the soil, resuspended with the soil, and deposited to the snowpack.

equiv

With snow aging, the contribution by the Secondary factor to total particulate light absorption (Cge ™)
decreases from 74 + 11% (Figure 5b) to 50 + 9% (Figure 5c¢), and an increased fraction of the variability comes
from the combined soil and BB sources (50 + 4% together). For BC, the Secondary factor is even less signifi-
cant in aged snow (12 £ 3%), with the combined Soil plus BB + Soil (70 + 5%) and FF (15 + 3%) factors driving
most of the variability.
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These changes in the sources of BC to the snow are consistent with (a) dry-deposited aerosols being added to
the snowpack; (b) the dry-deposited aerosol coming from a less aged air mass (i.e., clearer FF and BB che-
mical fingerprints) than the wet-deposited aerosol (which has a more dominant Secondary fingerprint);
and (c) significant addition of soil to the snowpack in the days following snowfall events. This makes sense
for the mountain valley sites in our study. Wet-scavenged particles generally come from higher up in the
atmosphere (e.g., cloud altitudes) than do dry-deposited particles. We observed that at all three sites night-
time inversions often develop, trapping locally emitted smoke (e.g., from wood stoves and slash burning)
and pollution (e.g., from trucks) in visibly distinct layers in the mountain valleys. These inversions were
more common on clear days/nights, when dry deposition dominates particulate contributions to the snow-
pack. On days with precipitation, the wind direction at 2000 m altitude typically was from the
south/southwest (Figure S4), which is the direction of the city of Boise and associated suburbs and indus-
trial areas. Wind speeds both aloft and in the valley were also higher on days with precipitation (Figure S5),
so wet-scavenged aerosol is more likely to have been transported into the area, whereas dry-deposited
aerosol may be strongly influenced by fresher, more local sources.

The greater dominance of soil as a source of total particulate absorption in the snow is also consistent with
the site locations. The southern two sampling sites are located in mountain valleys with dirt roads and
agricultural fields that had patchy snow cover later in the sampling season. In addition, the semiarid hillsides
in the region at these two sites may have contributed dust to the valley snow.

3.3.3. Processes Affecting Evolution of Snow Particulate Absorption

Information on the sources of light-absorbing particles in new versus aged snow can be combined with the
relationships shown in Figure 4 for insight to which physical processes drive increases in particulate absorp-
tion in the aging snowpack. Snow water sublimation and the dry deposition of aerosol that has the same

absorption Angstrém exponent as wet-deposited aerosol will lead to increases in Cg2"" with no accompany-

ing change in A Snow melt can also increase C;‘é‘”" without changing A as long as snowmelt does not
preferentially remove specific particulate components. We conclude that some combination of these three
processes account for the observed difference between cgg“‘” in aged snow samples versus newly fallen snow
samples with the same A (Figure 4). Considering only samples with 1.4 < A < 2.6, cg‘g“‘“ increases by
about a factor of 2.5-3 from newly fallen snow (mean 14.6ngg™"'; median 11.7ngg™; standard deviation

9.5ngg ") to aged snow (mean 43.5ng g~ '; median 28.1 ngg™'; standard deviation 38.1ngg™").

Increases in Cgo""" that are accompanied by an increase in Ay, as observed for old snow and crust samples

with Ao > 2.6 (Figure 4), are consistent with several processes. First, this could be due to dry deposition to
the snowpack of aerosols that have a higher absorption Angstrém exponent than wet-deposited aerosols
(i.e., those contributed with snowfall). A in newly fallen snow samples is always in the range 1.4-2.6.
These are typical values of A for fossil fuel and biomass burning aerosols [Doherty et al., 2010, and refer-
ences therein]. A for local soil samples gathered from the fields at our two southern sites are 3.5-3.7. Dirt
on the roads adjacent to the Cascade Valley site has a similar A (3.7), but in soil from the road adjacent
to the Garden Valley site it is even higher: 5.2. The addition (by dry deposition) of soil to the snowpack will
therefore simultaneously increase cgg”‘” and Ao Indeed, as discussed above, the PMF analysis indicates
that soil contributes more significantly to particulate absorption in the aged snow samples than in the
newly fallen snow samples (Figure 5). A second process that could lead to increases in both 32" and
Aot is melting. Dust particles are generally larger than combustion-sourced particles, and it is expected that
the larger particles will be washed down through the snowpack with meltwater less readily than smaller
particles [e.g., Conway et al., 1996; Doherty et al, 2013]. Preferential removal of combustion particles
(generally, A < 2.5) over dust/soil particles (for these locations, A>3.5) will simultaneously amplify surface

snow mixing ratios and increase Aqor.

We thus attribute increases in ng‘"" that are accompanied by increases in A, —i.e., all samples with
Aot > 2.6 in Figure 4—to a combination of dry deposition of particles with a high soil fraction, followed
by possible preferential melt scavenging of lower A (e.g., combustion) particles versus higher-A (e.g. soil) particles.
Examining Figure 4, we see that ng“i" exponentially increases from a range of about 60-200ng g™~ to a range of
300-1500ng g™ as Ay increases from 2.6 to 4.3. Thus, these processes account for roughly an order of

magnitude increase in Cga"".
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Table 2. Vertical Variations in Newly Fallen Snow at the McCall-A Site, 3.4, |daho: Variations Within a
Expressed as the Ratio of Cz2"™" and C§% in Each Layer to Their Averages

a New Snowfall Event
Over All Layers

Ratio Relative to All Samples on This Day: At the McCall-A site there were 4 days
o DSan}:pIe o oo y when 9-15cm of new snow fell in
ate epth (cm) ¥ ES ot continuous snowfall events. By sam-
29 Jan 0-3 1.47 1.46 174  pling the new snow at multiple verti-
3-6 0.89 0.94 173 cal levels we can study how snow
6-9 0.50 0.65 1.64 articulate mixing ratios and Ay var-

9-12 058 068 193  Particulake g ratios and Aot
12-15 156 127 231 ied with time across this single snow-
4 Feb 0-3 0.55 0.56 172 fall event. In a simplistic conceptual
3-6 0.92 0.93 1.75 model where the precipitating cloud
(0 Feb g‘g 1?‘5‘ 12; 1; and the air mass between cloud level

e = o o d
i . 043 205 and the ground are advected
6-10 082 132 172  together one would expect that
22 Feb 0-2 1.01 1.16 1.63 snowfall would become cleaner with
2-4 1.18 1.01 1.82 time, as the snow scavenges particles
4-7 067 075 205 from atmosphere both through ice
7-10 1.14 1.09 2.09

nuclei activation and the scavenging
a . P . H . e .
Also shown are vertical variations in A¢st. of aerosols by falling precipitation.

We found that while Cg*" and CESC‘
vary significantly within a given snowfall (Table 2), there is no systematic tendency for the snowfall to become
cleaner over time (in our samples, towards the top of the snowpack). As in the overall data set, variations in
C23"Y are not correlated with variations in A. The lack of a systematic tendency toward cleaner (or dirtier)
snow across a single snowfall event likely reflects the complex set of factors that affect the ratio of deposited
snow water to particulate mass. For this mountain valley site the source of the upper air mass (where clouds
and precipitation form) may be relatively decoupled from the near-surface air (where falling snowflakes
gather particles by impaction). Local sources of BC may also have been adding BC to the near-surface air,
effectively replenishing the supply of BC available for scavenging.

3.5. Idaho: Spatial Variations in Aged Snow

In previous studies we have shown that the 1 sigma variability in particulate mixing ratios at the 1 m scale is
typically 30%, and variability in A is typically 15% [Doherty et al., 2010, 2014; Wang et al., 2013]. Using the
sample pairs collected for each site, date, and sample depth, we again found that the absolute differences

between sample pairs at the Idaho sites were, on average, 30% (20%) for C:3 and C&', but for Ay the
differences were smaller than in our previous study: 5% (+4%).

In addition to quantifying variability at T m scale we did a single test of spatial variability at the 10 m scale at
the McCall-A site. On the first day of sampling, six randomly distributed profiles, separated by approximately 10 m,
were collected. Samples were gathered at the same vertical intervals for all six profiles: of the crust (0-3 cm depth)
and of two subsurface layers (3-5.5 cm and 5.5-8.5 cm depth) (Table 3). We calculated the coefficient of variation

for each parameter (cg‘g“”, e, and Aot and for each sample layer across all six profiles. We also calculated the

absolute value of the fractional difference between each parameter in a given sample layer and the average of
that parameter across all samples, i.e, the fractional absolute differences. This quantity is most directly comparable
to the average absolute fractional differences between side-by-side pairs reported above. Averaged across all
three layers, the absolute fractional differences are quite similar to that of the side-by-side pairs: 30%, 26%, and
6% for CS, =, and Argy.

Variability across the six profiles for the middle sample layer is comparable to the 1 m scale variability, but it is
much lower for the surface layer and much higher for the bottom layer (Table 3). McCall-A is on the frozen
Payette Lake, so the deepest layer (5.5-8.5 cm) is sitting on lake ice. As on all sampling days, we tried to sam-
ple the bottommost snow without scraping the ice surface, but this layer may contain particles from the ice
surface in some profiles, contributing to spatial variability. The surface layer of snow had been exposed to the
air—and therefore dry deposition and sublimation—for more than 2 weeks before sampling. It is unclear why
this would make the surface snow mixing ratios more spatially uniform.
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Table 3. Spatial Variations in Cg¢

, CeBSCt', and Ay for Six Vertical Snow Profiles of Approximately 10 m Separation at McCall-A on 27 January 2014°

Profile #

Coefficient of Average Absolute

Sample Depth (cm) Parameter 1 2 3 4 5 6 Variation Fraction Difference
0-3 G 403 474 51.0 453 403 439 9% 7%
e 12.8 108 10.2 9.5 9.8 9.8 12% 8%
Aot 1.26 1.17 1.14 1.15 1.19 1.20 4% 3%
3-5.5 e 9.1 6.9 83 42 6.6 6.7 24% 17%
& 45 3.1 35 17 29 29 29% 19%
Aot 1.83 2,01 1.85 2.26 193 1.92 8% 6%
5.5-8.5 G 108.5 232 16.5 153 413 18.8 97% 67%
& 9.1 7.0 5.7 5.9 9.9 6.4 24% 20%
Aot 2.95 2.21 2.19 2.11 2.10 2,03 15% 10%

®The entire snowpack was aged snow; the most recent snowfall was on 11 January. The top Ia%/er (0-3 cm) was somewhat crusty, and the middle and bottom
layers were pack snow, but snow density in all three layers was similar (180, 200, and 210 kg m™ ~ top to bottom layers, respectively). Shown is the coefficient of
variation across all six profiles, as well as the average of the fractional difference, i.e., the absolute difference between one profile’s sample and the average
across all six profiles.

3.6. Results From Utah

Time series of ng”i", cgsg', and A, for surface snow at the Vernal, Utah site are plotted in Figure 6. Note that
site 16 of D14 was in this same area, as shown in Figures S1 and S3; it was sampled on day 38 of 2013 and
included a 0-2 cm deep sample layer, which we can compare to the 0-2.5 cm depth sample on day 38 during
the Vernal campaign. After applying the loading-based correction to Cse from D14 sample we find cgsg for the
two agree to within the 30% small-scale sample variability noted earlier: 15 ng g~ for the D14 sample com-
pared to 17ngg~" for the Vernal campaign sample. However, ng“i" is a full 30% higher in the D14 sample
(55ngg~" versus 41.0ngg~"). For both samples A was 3.1.

In 2013, the start of field measurements coincided with 2 days of new snowfall (indicated by blue stars along
the top of the panels in Figure 6), followed by 10 days of no precipitation. A was low in this new snowfall

(1.4-1.8). BC mixing ratios (cgsg') in five samples of this new snow vary from 5 to 10 ng g~ ' and C53*" from
12to 17 ng g~ ". Over the next 3 days (DOY 30-32) these mixing ratios increase by just under a factor of three
with no new precipitation (Figure 6), likely due to a combination of dry deposition and possibly some melt on
DOY 31. Mixing ratios do not increase further until DOY 38-39, when both increase by another factor of 2.
Temperatures warmed briefly to above
freezing on DOY 37, and this may have

Jan 31 Feb 5 Feb 10 Feb 15 Feb 20 . . .
~ xx ! —t P 1 —t driven the observed increase in surface
T 300F equiv N 14 .. .
> o5l 2013 Cac 8Y . o }:/; 06 a5 snow mixing ratios on DOY 38 and 39.
S [ est’ & vy O o .
C A% v . .
% o 200 © e o, B s Theseincreases in Cgd™ and Cg¢' are
< L O A doe<T . .
o 1% N tot - Ge® 175 not accompanied by significant changes
> 100} snowfa 12 . R . : H
S —
%g sl Con0g0 <>808@O o1 in Atot,.WhICh ll'emalns .Iow (1.3-1.7), so if
0 nragz)oooo3 o} Oi%oo O?OOOO%O 1 melt did contribute to increased concen-
5 5 5 .
Jan 20 Jan 25 Jan 31 Feb 5 Feb 10 trations, there apparently was not prefer—
- } } P e ) . . .
" 1500|2014 5 0. % la ential washout of BC-rich poartlcles with
2 1250 O & 60 VONO L 07135 the melt. This low value of A, is consis-
= A ORXAY . . s
pg 1000p T, o0 ©0 18 5 tent with fossil fuel sources; it is much
O L ’ & SO@ lo5< .
< ;gg VY KOO0 2'5 lower than A of the local soil (4.6).
3 [ AN OV .
30 [OX¢}
§a 250/ o6 115 On DOY 40 (9 February) new snow fell,
oLe 00000000000 ess8d38000000 Iy A
20 25 30 35 40 45 equiv

and this snow was both dirtier (Cg¢
=283ngg ") and browner (Ai;=3.8)
than the existing surface snow, and it

Day of Year
Figure 6. Time series of C20%", C& (left axis), and Aoy (right axis) for the
surface samples from the site south of Vernal, Utah in 2013 and 2014. Also
shown as blue stars in squares along the top of the plot are days when the
surface sample was of newly fallen snow. Surface snow samples varied
from 2.5cm to 5.0 cm in depth.

contained less BC (cgsg' of 14ngg™" ver-
sus 24ng g~ ). Based on the high value
of Aww We surmise that there is a
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. CoV o013 significant amount of dust in these sam-

BC. ® o ples. Winds were also somewhat ele-

10° | * Cec 2014 Neo o 1 vated on day 40, consistent with

_ o Chg 2013 . ‘e e, lofting of dust, though it is not clear
o o cil2014 S o8 ': ° “e whether the source of dust in the new
5) 102k e | snowfall was local. Both C:3"" and Cgsct
N in the surface snow decline on days 41-
_; n 42 relative to the new snow on DOY 40,
gog but this is likely due to the new snow
10" E compacting, so the 2.5-5cm deep sur-
face samples from these days include

both the new snow and the cleaner,

10° ‘ ‘ ‘ ; ‘ . older snow. After this, C:2*" varies but

1 1.5 2 25 A 3 3.5 4 45 has no significant trend. The approxi-

mately factor of 2 variability in CE""
Figure 7. Scatterplot of C:22*" (dots) and C“ésc" (squares) versus Ayor forall  DOY 44-52 may in part be due to spatial
samples from the Vernal, Utah site in 2013 (blue) and 2014 (red). variability, as samples were collected
from different locations each day
(Figure S3). The mixing ratio of BC in
snow over this same period increases from approximately 10-20 ng g_1 on DOY 41-47 to 20-25ng g_1 on

DOY 48-52, as Ao decreases from 3.4-3.9 to 2.3-3.3. If surface melt were responsible for this increase, we

would expect both Cg‘é“i" and C5¢' to increase. Since only C5¢ increases significantly, we conclude that during
this period, there was significant dry deposition of aerosols rich in BC.

The time series in 2014 is nearly the opposite of that in 2013: Initially, high and variable CE"" (711

+380ngg™ "), cgsg' (68+26ngg "), and A (3.3+0.5) for DOY 17-29 all decrease dramatically with new
snowfall on DOY 30-32. For DOY 16-27 winds were relatively calm and temperatures only briefly rose above
freezing on some days. On DOY 28, high winds may have added to the snowpack local dust from areas in the
region lacking snow cover, elevating C2*" and A in the samples gathered on DOY 29. On DOY 30, the
new snow was quite dirty (C53"" = 1500 ng g~") and brown (Ao = 4.2), but BC mixing ratios actually declined

(cgsg' =33ngg "), consistent with the addition of snow containing significant amounts of dust of A > 4 but not

much BC. The DOY 30 surface sample may be a mix of new snowfall and the old surface snow. On DOY 31 and

equiv 1

32 samples of new snow are much cleaner and the particles even grayer: Cz/ " =35ng g, CESC" =18ngg~
and Aot = 1.9. Winds on these days were calm. After this, all three variables increase nearly linearly from DOY
32 to DOY 41. This is consistent with the steady dry deposition of higher A, (i.e., browner) particles than in
the DOY 31-32 snowfall, but it is also consistent with surface melt preferentially scavenging lower A (i.e.,
grayer) particles from the surface snow while simultaneously enhancing surface snow mixing ratios overall.
This period coincides with intermittently higher winds and, from DOY 39 onward, with daily average tempera-
tures at or above freezing. Particulate mixing ratios and A in the new snow on DOY 42 are very similar to that

equiv

in the aged surface snow. On DOY 44 (the last day of the campaign and two days after the new snowfall) C;2 ",

CEt, and Ayo; again have started to increase, accompanied by warming and higher winds.

At the Idaho sites we found that for A < 2.6 the variations in Cs"" were not correlated with Ay but for

Ao > 2.6 CS™ increased exponentially with Ay (Figure 4). At the Utah site the correlation between C5a""
and A, is apparent starting at even lower A, especially in 2014 (Figure 7). While measurements of the
absorption Angstrom exponent of combustion aerosols are somewhat limited and give varying results, A
for fossil fuel and biomass burning is generally less than 3, and A, is usually lower for fossil fuel combustion
aerosol than for biomass burning aerosol due to the lower organic content, though this is not categorically the
case. In contrast, the absorption Angstrom exponent of the soil from the sites in Idaho is 3.6-5.2 and for Vernal
soil is 4.6 (as measured with the ISSW; see supporting information). Thus, increases in Ay can be indicative of
increases in the fraction of particulate light absorption due to soil versus combustion-sourced particles. At the
Idaho sites, this hypothesis is supported by the PMF finding of a soil source in aged snow samples. At the
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Utah site, the ubiquity of dust in the region provides anecdotal support. It appears likely that at this site light-
absorbing particles in snow are a mix of combustion aerosol of low Ay (i.e., likely fossil fuel aerosol) and dust
and that large increases in total particulate light absorption in snow are dominated by deposition of dust.

4. Conclusions

We have presented a study of the evolution of light-absorbing particles in snow from winter to early spring at
three sites in the mountains of central Idaho and at one site south of Vernal, Utah. This study provides insights
to the magnitude and sources of variability in snow particulate light absorption at these U.S. midlatitude sites,
with implications for optimizing both field measurements and modeling of snow particulate mixing ratios
and consequent albedo reduction.

This study adds to the growing evidence that dust and soil are often present in snow in sufficient quantities
that they compete with or dominate over absorption by BC in snow even at midlatitude sites far from deserts.
In earlier studies, desert dust was shown to be the dominant source of light-absorbing particles in seasonal
snow in western China [Wang et al., 2013; Zhang et al., 2013], the Himalaya [Painter et al., 2012a], and in the
Colorado river basin, where dust in snow has been shown to have both significant radiative forcing and
impacts on snowmelt timing and rates [Painter et al, 2007, 2010, 2012a, 2012b; Skiles et al., 2012, 2015;
Bryant et al., 2013; Deems et al., 2013; Livneh et al., 2015]. Soil is also a significant, and sometimes dominant,
source of light-absorbing particles in snow in north central China [Wang et al., 2013; Zhang et al., 2013], cen-
tral North America [Doherty et al., 2014], Utah’s Wasatch mountains [Reyonds et al., 2014], the California Sierra
Nevada mountains [Sterle et al., 2013], and the Olympic Peninsula in the northwest corner of Washington
State [Kaspari et al., 2015]. The dominance of dust in western China and the Colorado Basin and in the
Wasatch and Sierra Nevada mountains is not surprising given the proximity to deserts. However, the large
role of soil in north central North America and the northwest corner of the continental United States is some-
what more surprising given the lack of nearby deserts. In northwest Washington State the dust was linked to
the mobilization of soil following an intense wildfire season [Kaspari et al., 2015]. In the north central North
America survey of Doherty et al. [2014] soil in the snow results from a combination of thin/patchy snow, high
winds, and agricultural activity.

For this study, two of the Idaho sites—both mountain valleys in central Idaho—and the site south of Vernal,
Utah were also significantly influenced by soil and dust. It is not surprising that desert dust affects the Utah
snow, given the arid environment both locally and regionally. Reyonds et al. [2014] sourced dust in snow of
the Wasatch Mountains of Utah (approximately 200 km west of Vernal) to a region about 225 km southwest
of their study region and found that the dust was mixed with urban and industrial components, likely from
mining and smelting. In contrast to our Utah site, the significant contribution of local soil to the Idaho snow-
packs at both the Cascade Valley and Garden Valley sites was not expected. This source of light-absorbing
particles to snow is very likely not accounted for in global and regional models, which generally only account
for combustion sources and dust from desert regions.

This study again highlights how critical it is that all sources of particulate light absorption in snow, not just BC,
be quantified for a given site, even far from sources of desert dust. Separating the contributions of different
absorbers to snow albedo reduction is not straightforward and requires application of multiple techniques.
While the SP2 provides perhaps the most direct measure of BC, particulate sampling efficiency may be
reduced when the BC is mixed with large quantities of dust, and the BC itself may exist in a large enough size
range to cause SP2 uncertainties [Schwarz et al., 2012, 2013]. As the SP2 can provide information only about
BC, separate measurements are needed to quantify absorption by combustion organics, soil organics, and
mineral dust. The technique we used here, the ISSW, measures light absorption by particles deposited on a
filter. Mixing ratios of BC in snow are estimated from spectrally resolved absorption. An advantage of this
technique is that it measures all components that contribute to albedo reduction. A disadvantage is that
as with other filter-based absorption-based measures of BC, there are high biases in inferred BC, especially
when large quantities of non-BC components are mixed with the BC. Here we have estimated the magnitude
of these biases and made adjustments (on average, downscaling by a factor of 2.5) to our estimates of the

mixing ratio of BC in snow (Cgsct'). This should be kept in mind if comparisons are made to Cj from earlier
studies using the ISSW [Doherty et al., 2010, 2013, 2014], as those results were not adjusted for this bias.
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The results presented here also highlight the large temporal variability in snow mass mixing ratios and com-
position at a given site. At the site south of Vernal, Utah, there were large variations in the mixing ratio of BCin

snow both within a given year and between years. The mass mixing ratio of BC, C5 , in the snow was usually

in the range 5-25ng g~ in 2013 but in 2014 was 20-80 ng g~ '. Total particulate mixing ratios (ng”iv) varied
by an even greater amount: about 10 to 280ng g™~ ' in 2013 and 10 to >1000ng g™ in 2014. While chemical
data are not available at the Utah site to confirm this, it appears that dust and soil dominate these large var-
iations in snow particulate absorption. Order of magnitude changes in snow particulate absorption, and large
changes in absorption Angstrém exponent, were seen from one day to the next, associated with new snow-
fall events. New snowfall events here were observed to lead to both significant increases in surface snow
C2"V (e.g., the second half of the sampling period in 2013, when new snow contained high mixing ratios
of what appears to be dust) or to significant decreases in Cc2"" (e.g., the second half of the sampling period
in 2014, when dust-laden snow was covered with snow containing BC but very little dust).

est’

At the Idaho sites mixing ratios of BC (C&') in newly fallen snow varied between about 2 and 10ngg ™", and all

light-absorbing particles (C:3") between 3 and 40 ng g~ '. However, mixing ratios in the aged snowpack varied

over a much larger range: about 2-40ngg™" for CESC‘ and 3-1000ngg~" for ng"“’. Further, in contrast to the

Vernal site, newly fallen snow almost always had lower mixing ratios than aged snow at a given site. Thus, pro-
cesses that occur following snowfall events dominate the variations in snow particulate absorption at these sites.

At the Idaho sites, we estimate that variations in C3"" over factors of 2.5-3 can be attributed to sublimation of
snow water, dry deposition of aerosol that has the same absorption Angstrém exponent (i.e,, likely the same com-
position) as the wet-deposited aerosol, and melt scavenging that does not preferentially remove one absorbing
component over another. Dry deposition of, in particular, soil, enhancement of surface particulate mixing ratios
with melt, and preferential scavenging of combustion particles (versus soil/dust) from the snow with meltwater
causes larger increases; they were responsible for approximately an order of magnitude increase in Cg‘é“i".

In addition to the large temporal variability, we quantified the spatial variability in snow particulate mixing ratios
at a range of scales at the Idaho sites. As in earlier studies in the Arctic [Doherty et al,, 2010], north China [Wang
et al, 2013], and North America [Doherty et al, 2014] we found spatial variability for C" and & at the 1m
spatial scale was about 30%. In the earlier studies, A typically varied about 15% at this scale; here it was
less variable (5%). In an additional test, we found comparable levels of variability at the 10 m scale. At the regional
scale, we found that mixing ratios of BC and other light-absorbing particles in falling snow were quite similar at all
three Idaho sites, which spanned about 75km distance (roughly north-south) and about 570 m in altitude.
However, differences in the effects of dry deposition and in-snow processes lead to order of magnitude

higher total particulate absorption (C5™") in aged snow at the two southern sites, versus the higher, more
northern site.

At all three Idaho sites, periods of new snowfall alternated with periods of melting—as is common for many
midlatitude regions with seasonal snow cover—and this led to significant day-to-day changes in surface
snow mixing ratios. This, and the 1 to 2 orders of magnitude changes in the mixing ratios of BC and dust with
new snow at the Vernal, Utah site, emphasize the need for sampling over many days or, at a minimum, of the
entire snowpack depth at multiple intervals later in winter, in order to be able to determine the representa-
tiveness of a given surface sample. In particular, comparisons of modeled and observed surface snow mixing
ratios may differ significantly if even a brief period of rainfall or melt has affected the real snowpack but not
the model snowpack (or vice versa, for models that account for the effects of melt on surface snow mixing
ratios [Flanner et al., 2007, 2009]). Not accounting for this could lead to false conclusions about model accu-
racy in representing wet and dry deposition rates.
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Erratum

In the originally published version of this article, text on several pages was incorrectly typeset. These errors
have since been corrected and this version may be considered the authoritative version of record.
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